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An increased prevalence of microdeletions at the 22q11 locus has
been reported in samples of patients with schizophrenia. 22q11
microdeletions represent the highest known genetic risk factor for
the development of schizophrenia, second only to that of the
monozygotic cotwin of an affected individual or the offspring of two
schizophrenic parents. It is therefore clear that a schizophrenia sus-
ceptibility locus maps to chromosome 22q11. In light of evidence for
suggestive linkage for schizophrenia in this region, we hypothesized
that, whereas deletions of chromosome 22q11 may account for only
a small proportion of schizophrenia cases in the general population
(up to ~2%), nondeletion variants of individual genes within the
22q11 region may make a larger contribution to susceptibility to
schizophrenia in the wider population. By studying a dense collection
of markers (average one single nucleotide polymorphism/20 kb over
1.5 Mb) in the vicinity of the 22q11 locus, in both family- and
population-based samples, we present here results consistent with
this assumption. Moreover, our results are consistent with contribu-
tion from more than one gene to the strikingly increased disease risk
associated with this locus. Finer-scale haplotype mapping has iden-
tified two subregions within the 1.5-Mb locus that are likely to harbor
candidate schizophrenia susceptibility genes.

M icrodeletions of chromosome 22q11 are associated with
variable phenotypic expression (1) that includes relatively
high frequency of severe mental illness (2, 3). Approximately
one-third to one-fourth of patients with the 22q11 microdeletion
develop schizophrenia or schizoaffective disorder, as defined in
the Diagnostic and Statistical Manual of Mental Disorders, 4th
Edition (DSM-1V) (4). Although the microdeletion occurs in the
population at a rate of 0.025% (5), it has been found in up to 2%
of adult schizophrenic patients (6) and up to 6% of cases with
childhood-onset schizophrenia (7). Taken together, these studies
suggest that the risk of schizophrenia for a patient with a 22q11
microdeletion may be ~25-30 times the general population risk
of 1% and that the rate of 22q11 microdeletions in schizophre-
nia, although relatively low, may be up to 12-80 times the
estimated general population rate. In addition, at least two
independent studies reported suggestive linkage results in the
22q11 region (8, 9). Finally, a series of recent studies suggest that
schizophrenic patients carrying the 22ql1 deletion bear the
hallmark neuropsychological and neuroanatomical features of
classical schizophrenia (10-12). It therefore seems likely that the
22q11 region harbors genes that, alone or in combinations, are
causally implicated in schizophrenia in a subset of patients.
The overwhelming majority of the 22q11 deletions (=87%) are
3 Mb in size, whereas a smaller percentage of them (=~8%) involve
the same proximal breakpoint but a different distal breakpoint,
resulting in a smaller 1.5 Mb deletion. All deletions are mediated
by low copy repeat (LCR) sequences (13, 14). At least one
schizophrenic patient has been described to carry the smaller 22q11
microdeletion (6), and therefore the “schizophrenia critical region”
has been defined to 1.5 Mb (LCR-A to -B). The majority of the
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genes in the region are known (http://genome.ucsc.edu), making
this locus amenable to a molecular genetic analysis.

The magnitude of the risk attributed to this deletion is unprec-
edented for a single genetic lesion and is comparable only to the risk
among children of two schizophrenic parents or monozygotic
cotwins of an affected individual. In both of these cases, the
increased risk is due to the contribution of more than one suscep-
tibility gene. It is therefore possible that the increased risk associ-
ated with this microdeletion is due to the contribution of more than
one physically linked gene at the 22q11 locus. To address the role
of individual genes from this chromosomal region, we have under-
taken linkage disequilibrium (LD) studies in family samples (trios)
that test for preferential transmission of common (>10% fre-
quency) variants and multivariant haplotypes from parents to
affected individuals. These studies are based on (and therefore test)
the assumptions that, whereas deletions of chromosome 22q11 may
account for only a small proportion of schizophrenia cases in the
general population, nondeletion common variants of individual
genes within the 22q11 region may make a larger contribution to
susceptibility to schizophrenia in the wider population. Using this
approach, we analyzed initially 13 of the 23 known genes residing
in the deleted locus, delineated a region of significant LD within a
segment in which PRODH?2 and DGCR6 are the only known genes,
and identified a relatively common haplotype where the schizo-
phrenia susceptibility variant(s) likely reside (15). One additional
result of this analysis was that the observed haplotypic association
was particularly pronounced among children with schizophrenia
and adults with early onset features of the disease. Further evidence
implicating the PRODH?2 gene itself was provided by the identifi-
cation of rare structural variants of this gene, especially in cases with
early onset of the disease (15), as well as by behavioral and
neurochemical studies of a mouse model (16). However, compar-
ison of the increase in the morbid risk of schizophrenia associated
with the identified PRODH? variation to the risk associated with the
22q11 microdeletion could not exclude contribution from other
genes in the region. We therefore extended our analysis to include
all of the known genes in the 1.5-Mb 22q11 locus.

Methods

Patient Samples. The Adult Schizophrenia (AS) Sample, the Child-
hood Onset Schizophrenia (COS) Sample, and the South African
Afrikaner (SAA) case/control sample have been previously de-
scribed (15). The SAA family sample included 93 patients of
Afrikaner origin (age 19 or older) who met lifetime criteria for
DSM-1V (4) schizophrenia or schizoaffective disorder and both
their biological parents (trios). Participants were interviewed by
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Fig. 1. (a) Decay of LD at the 22q11 locus. (Upper) Scatter plot of D’ and A?

values vs. physical distance. Values were calculated on the basis of the haplotype
frequencies estimated by using partial phase information in the 106 unrelated AS
trios. (Lower) Sliding window averages of disequilibrium coefficients. (b) Distri-
bution of pair-wise disequilibrium (D’) across the 22q11 locus. Multiple pair-wise
comparisons are shown with D’ statistics color coded (bright red and bright blue
are opposite ends of the scale) and plotted at the marker locations.

specially trained clinicians using the Diagnostic Interview for
Genetic Studies (17). Close genetic relatedness among the patients
included in this analysis was excluded up to the fifth degree by
family history information.

All participants provided written informed consent before par-
ticipation in the study. The protocol and the consent forms were
approved by the Rockefeller University Institutional Review Board
and the Institutional Review Boards of all participating sites.

Single Nucleotide Polymorphism (SNP) Identification and Genotyping/
PCR Primers and Conditions. See Appendix and Table 6, which are
published as supporting information on the PNAS web site,
WWW.pnas.org.

Statistical Analysis

Pairwise Background LD. See Appendix, which is published as sup-
porting information on the PNAS web site (18-22).

Association Analysis. Transmissions of single SNPs, as well as
multilocus SNP haplotypes, were analyzed by using the haplotype-
based haplotype relative risk (HHRR) test (23), as described (15).
Tightly linked markers that are in LD provide redundant informa-
tion, making Bonferroni significance levels conservative. To esti-
mate a global significance level, we randomly permuted transmitted
and nontransmitted chromosomes for each trio (24). We generated
1,000,000 such permutations of the data by using the QTDT com-
puter program (25, 26) and calculated the maximum observed
allelic transmission score for each permutation.

Results

Pairwise Background LD. The measurement, extent, and variability of
marker-to-marker disequilibrium are important factors in deciding
the number of markers required for association scans and for
interpreting marker-disease association results. We have therefore
assessed the extent and characteristics of LD within the 1.5-Mb
22q11 locus. We calculated pairwise disequilibrium coefficients for
all marker pairs within the region. The two distributions are
summarized in Fig. 1a. Strong disequilibrium between a marker and
a nearby disease allele can allow marker alleles to serve as surro-
gates for nearby markers. Multiple definitions of strong or “useful”
disequilibrium have been proposed. For example, A% > 0.10 cor-
responds to a 10-fold increase in the sample size required to detect
an association compared with testing disease alleles directly. A2
takes maximum values only for markers that have identical allele
frequencies; at any particular distance, markers with similar allele
frequencies can exhibit higher values of A? than those with divergent
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Table 1. Extent of significant LD in the 22q11 locus

A2 D’
Distance  Avrg.* >0.80" >0.10" Avrg.* >0.90" >0.33"
<10 kb 0.45 0.19 0.90 0.88 0.61 0.97
10-20 kb 0.25 0.06 0.68 0.70 0.24 0.91
20-50 kb 0.15 0.00 0.41 0.55 0.16 0.65
50-100 kb 0.09 0.00 0.28 0.36 0.10 0.35

Average (Avrg.) A2 and D'* and the percentage of SNP pairs showing LD
coefficients™ above specific thresholds at different inter-SNP intervals are shown.

allele frequencies. Alternatively, D’ > 0.33 also corresponds to a
10-fold increase in sample size, provided marker and trait allele
frequencies are well matched. At 10, 20, and 50 kb, ~97, 91, and
65% of markers in our sample exhibit D’ > 0.33, respectively. In
addition, 90, 68, and 41% of these also show A > 0.10, indicating
they are well matched in allele frequency (Table 1). We estimate the
half-length of D’ in the region to 48 kb, which compares well with
the pattern observed in a recent study of LD along chromosome 22,
which overlaps with our region (19). We identified 17 sets of three
or more markers that define haplotypes with limited diversity. Some
of these sets are overlapping, reflecting the difficulties in placing
ancestral recombination events (data not shown; see also below).
Finally, we examined the regional distribution of LD (Fig. 10). The
distribution of LD was found to be highly irregular, with significant
LD concentrated in the middle of the locus over a distance of ~250
kb (Fig. 1b).

Association Studies in Patient Samples. We used a three-step strategy
to search for a signal of LD from the 22q11 locus. Our goals were:
(¢) to detect a significant and reproducible LD signal; (i7) to bind the
critical region within the limits imposed by the density of our genetic
map; and (i) to identify the causal genetic variant. We first studied
106 trios from the AS sample and 26 trios from the COS sample.
A primary scan included SNPs distributed throughout the 1.5-Mb
region. Only relatively common (minor allele >10%), informative
SNPs were further pursued at this stage. The average marker
density is ~1 SNP/20 kb, although the distribution of intermarker
distances follows the distribution of genes and shows considerable
variation.

Phase I of our association studies focused primarily in the
region between the DGCR6 and CLDNS5 genes, whereas Phase
II focused in the region between the CLDN5 and NOGO-R
genes. We examined each allele of each marker or a combination
of two adjacent markers for evidence of transmission disequi-
librium using the HHRR test (23). The results of the primary
association screen identified two clusters of neighboring SNPs
having alleles with nominally significant HHRR results (Fig. 2a):
Cluster A at the proximal end of the locus included three SNPs
(15), and Cluster B at the distal end of the locus included four
SNPs (V24, -26, -34, -35) (Table 2). Notably, the two clusters are
separated by ~1 Mb, and they are not in LD. We have reported
separately our results from the detailed analysis of the proximal
(centromeric) Cluster A (15).

Delineation of the Associated Region. To investigate further the
primary genetic evidence at Cluster B, we studied a denser collec-
tion of markers in its vicinity (Table 2, yellow shading). Unlike
Cluster A (15), there was no evidence for preferential overtrans-
mission of the associated alleles in the patient group with early onset
features (Table 2/COS sample column and data not shown). We
therefore restricted our subsequent analysis in the 106 adult trios.
Additional SNPs were typed, and significant HHRR results oc-
curred at SNPs V23 (P = 0.017), V25 (P = 0.017), and V27 (P =
0.002) surrounding the previous significant SNPs (Fig. 2b; Table 2).
In all, seven neighboring SNPs having alleles with nominally
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Table 2. HHRR P values
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Significance levels (P values) <0.05 are highlighted. Location within genes or intergenic regions is indicated. SNPs from public

databases are indicated by reference SNP identifications. For simplicity, abbreviated Variant numbers (V#) are assigned and used in the
text. Inter-SNP distances and PCR primers and conditions are shown in the Appendix.

significant HHRR results were identified in both primary and Using the relatively high-density SNP map, it was possible to
secondary screen, distributed over a region of ~250 kb from the = determine the fine structure of the haplotypes in this region.
HTFIC gene to the NOGO-R gene supporting the existence of LD Specifically, the analysis shows that the region can be parsed into
with the disease over the investigated region.
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Fig.2. (a)Single SNP and 2-SNP HHRR Pvalues (—log10) across the 22911 locus.
The solid line underneath the x axis indicates the SNPs presented in Liu et al. (15).
The remaining SNPs are detailed in Table 2 (blue shading). The two clusters of
significant SNP association across the entire 22q11 locus (Clusters A and B) are also
underlined. The AS and COS samples were analyzed both separately and as a
combined sample, because they originated from the same geographical area
(U.S.). Distances are not to scale. (b) Detailed view of HHRR significance levels at
Cluster B when additional SNPs were genotyped in the vicinity of the initial
association shown in a. Detailed description can be found in Table 2. The family
samples used for this analysis were the AS and SAA, as well as a combination of
the two (see text). Distances are not to scale. (c) Haplotypic structure of Cluster B.
Two haplotypic BLOCKSs (I and 1) are shown. Red squares indicate major and blue
squares minor alleles. Observed haplotype frequencies are shown on the side of
each block. The variant number (V#) isindicated at the bottom, and each variant's
position relative to the genes residing in this region is also approximately indi-
cated. Asterisks indicate SNPs showing significant association with schizophrenia
in the AS and/or SAA samples. The position of the most significantly associated
SNP (V26) within intron 4 of the KIAA1292 candidate gene is indicated along with
the associated P values and odds ratios (approximate relative risks). Blue bars
represent the approximate distribution of exons.

limited diversity (=5 haplotypes account for >90% of all chromo-
somes) with only a small number of SNPs between blocks. SNPs
V23-27 reside in BLOCK I, whereas SNPs V34 and V35, at the 3’
end of the NOGO-R gene, reside in BLOCK II. There is no strong
evidence for LD between the significant SNPs in BLOCK I and the
significant SNPs in BLOCK II (Table 3). On the other hand,
within-block SNPs demonstrated highly significant LD with each
other (data not shown), indicating that the observed associations in
Cluster B could represent two independent disease susceptibility-
conferring polymorphisms. Consistent with this prediction, when
families were divided into two groups according to the presence or
absence in the probands of the risk allele of SNP V26 (the most
significant SNP in BLOCK 1), significance of the schizophrenia
associations with BLOCK I SNPs V23-27 increased dramatically in
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Table 3. LD (D’) between SNPs in BLOCKs | and Il

BLOCK II
BLOCK | V34 V35
V23 0.22 0.04
V24 0.07 0.09
V25 0.05 0.07
V26 0.01 0.04
V27 0.02 0.07

families with the V26 risk allele present. By contrast, associations
with BLOCK II SNPs V34 and V35 remained unchanged or even
decreased modestly in the same families (data not shown), indicat-
ing a minimal contribution of the V26 risk allele to these latter
associations.

In conclusion, the strongest observed association at this stage
(P < 0.0008) occurs at SNP V26, with four nearby SNPs (V23, -24,
-25, -27) also exhibiting nominal evidence for association. All five
SNPs fall in one haplotypic block (Fig. 2c), and thus the evidence
for association that they provide is not independent. In these
circumstances, a Bonferroni correction is conservative. In fact, the
haplotype and disequilibrium structure of this region implies that
the 72 markers investigated here correspond to much less than 72
independent tests. We therefore generated 100,000 permutations of
the data (24) and recorded the most significant association for each
one. Overall, the probability of observing an association as strong
as the one presented here is P < 0.043, after adjusting for multiple
testing at 63 markers (nine markers with low minor allele frequen-
cies and a correspondingly small number of informative trios were
not included in this analysis). Similarly with the Cluster A variation
(15), no association was detected with the representative SNP V26
in a sample of 80 North American families not afflicted with
schizophrenia (not shown), arguing against a generalized transmis-
sion distortion at the 22q11 locus.

Replication of the Association in Two Independent Samples. We
sought additional confirmation of our findings by examining both
the primary and secondary set of SNPs in another family sample
derived from an independently collected population (Fig. 2b; Table
2) consisting of 93 trios from the Tshwane (formerly known as
Pretoria) area in South Africa (SAA sample). Five of the eight
SNPs demonstrating significant association in the AS sample also
showed significant association in the SA A sample (Fig. 2b; Table 2).
All significant SNPs are located in BLOCK 1. Moreover, single and
multilocus analyses within BLOCK I showed that all of the same
alleles and the same multiallelic haplotypes were overtransmitted in
the two independent family data sets (Fig. 2b; Tables 2 and 4).
Finally, we sought confirmation of the associations observed in both
family samples in an independent case-control sample consisting of
93 unrelated schizophrenics of Afrikaner origin and 75 ethnically
matched controls. We observed a similar pattern of association,
consistent with involvement of an identical common disease variant
in all three samples (Table 2). Combined analysis of all three
samples at SNPs residing in BLOCK 1 resulted in a P < 107> and
revealed an odds ratio (approximate relative risk associated with
the causative variant) of ~1.7 at SNP V26. We did not replicate the
association with SNPs V34 and V35, from the 3’ end of the
NOGO-R gene located in BLOCK 1L in the SAA family set,
although significant one- and two-SNP associations were observed
~15 kb proximal, in the vicinity of SNP V33 (Fig. 2b; Table 2).
Because different causal variants may be involved in this case in
different populations, confirmation or exclusion of the NOGO-R
gene (27) (an excellent candidate gene from this region) from
association with schizophrenia will require the identification of all
polymorphisms in the region and the assaying of most of these
polymorphisms in both populations.

Liu et al.



Table 4. Five-SNP risk haplotypes in BLOCK |

T/nT ratio
V23 V24 V25 V26 V27 AS SAA
2 2 2 2 1 1.5 14
1 2 2 2 1 1.3 1.3
1 1 1 1 2 0.6 0.6
1 2 2 1 2 0.6 0.8
Other 0.5 0.5

T, transmitted; nT, non-transmitted.

Genetic Interactions and Parent-of-Origin Analysis. Having estab-
lished a reproducible pattern of association represented by SNP
V26, which serves as a tag of the risk haplotypes, we then checked
whether the proximal and distal disease risk-associated variation
contributes to distinct or overlapping sets of patients. We stratified
the AS families according to the presence or absence of the Cluster
A (PRODH2/DGCRO) risk haplotype (15) in the proband (carriers
vs. noncarriers). This stratified analysis provided significant evi-
dence for association with SNP V26 only in the subset of noncarrier
AS families (HHRR x*> = 155, P < 0.001; transmitted (T)/
nontransmitted (nT): allele 1, 36/68; allele 2, 106/74). In this
subset, transmission of the V26 risk allele was associated with an
odds ratio of 1.9 [95% confidence interval: 1.3-2.6], statistically
indistinguishable when compared with the entire AS sample. By
contrast, there was no evidence of association with SNP V26 in the
carrier subset (HHRR x> = 0, P = 1; T/nT: allele 1, 27/27; allele
2, 36/36). As expected, further analysis of the distribution of the
V26 alleles in the two proband groups provided similar results
(alleles 1/2: noncarriers, 36/106; carriers, 27/27; x> = 10.9, P <
0.001). This observation is consistent with a disease-risk contribu-
tion from the proximal or distal subregions to distinct subsets of
patients, possibly with distinct syndromic features (such as early
onset features). However, the significance of this finding is, at
present, unclear, because it could not be replicated in the South
African samples (data not shown). A more conclusive analysis of
interaction will require considerable increase in the sample size. We
also conducted a parent-of-origin analysis, which did not provide
any significant evidence for a parent-of origin effect. For example,
when marker V26 is considered, parental origin can be discerned in
74 of 96 transmissions/nontransmissions. In this case, maternal and
paternal transmissions appear to contribute equally to the V26
association (8 vs. 24 paternal and 13 vs. 29 maternal).

Candidate Genes from the Associated Region. The replication of the
association between BLOCK I SNPs and schizophrenia in an
independent family sample and an independent case-control sam-
ple, in an identical pattern, adds considerable support to the genetic
evidence associating genes at this region with schizophrenia. We
analyzed the preferential transmission of specific haplotypes using
genotypes from the five BLOCK I SNPs that gave the lowest P
values in the association study (Table 4). We identified two over-
transmitted risk haplotypes that are distinguished by the presence
of allele 2 of SNP V26 and allele 1 of SNP V27 (Table 4). All of the
other common haplotypes in this region are undertransmitted.
Although there may be separate mutations in the two risk haplo-
types, the simplest explanation is that a putative causative allele is
strongly linked to these two SNPs rather than to a specific haplo-
type. On the basis of this latter assumption, we attempted to identify
a linked causal missense allele, examining the coding region of all
known genes within BLOCK I (as well as that of the 770 gene
located immediately adjacent to it) (Fig. 2¢) for missense or
nonsense allelic variants, by sequencing and comparing a panel of
five homozygous carriers and five homozygous noncarriers of the
V26 risk allele 2. We identified four missense variants in three of
the seven tested genes (Table 5). Because of their relatively low
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Table 5. Coding region variants in BLOCK | genes

Nucleotide Nucleotide Amino acid No. Associated’

Gene position change change  carriers* allele
DGCR8 610 A—>G | =V 1(10) |
HTF9C 497 G—->T A—S 2 (10) S
683 C—A L—1 1(10) |
KIAA1292 1707 G—A A—T 5 (25)* A

DGCRS8: GI:12225241; HTFIC : G1:15426493; KIAA1292 : GI:17484904.
*The number in parentheses indicates the number of patients sequenced. Unless
otherwise stated, all the patients are heterozygous for the change.
TAllele associated to V26 allele 2.
*Information from more than 10 patients was available for this change.

frequency, it is unclear whether they can explain the full effect
associated with the very common SNP V26 risk allele. The causal
SNP or SNPs may, therefore, affect regulation of one or more of the
resident genes, many of which are plausible candidates. Four known
genes found in the RefSeq database are located in BLOCK I (Fig.
2c): the DGCRS gene (which encodes for a protein of undetermined
function), the FLJ22127 gene (which encodes for a protein with a
double-strand RNA-binding domain), the HTF9C gene (28) (which
likely encodes for a methyltransferase), and the RANBPI gene (29)
(which encodes for a protein that interacts with the cell-cycle
regulatory protein Ran/TC4). Two more genes predicted by anal-
ysis of the syntenic region on mouse chromosome 16 and supported
by available EST and mRNA databases are located either within
BLOCK I (KI4A1292) (30) or immediately outside it (770) (31)
(Fig. 2c).

We note that three of the five SNPs that show evidence of
association in SAA and AS samples (V25-27) are located within the
transcription unit and the putative 5’ control region of KI4A41292
(Fig. 2c). In addition, of all SNPs that show evidence of association,
only V26 and V27 are exclusively present in the risk haplotypes
(Table 4). SNP V26, located in intron 4 of KIAA1292, shows the
strongest and most consistent evidence of association of all SNPs in
either primary or secondary panels in all tested samples. For that
reason and because all three tested SNPs within the KI4A41292 gene
unit demonstrate significant association with schizophrenia in both
the AS and the SAA samples, we consider the KI441292 gene a
prime candidate worthy of further investigation. KIAA1292 is
predicted to have four transmembrane domains and a new form of
cysteine-rich domain called DHHC-CRD (32) (Fig. 3 a and b). The
only member of the family that has been characterized to some
extent is yeast Erf2, a component of a previously uncharacterized
Ras subcellular localization pathway (33). The KIAA1292 gene is
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C [ o] KP RSHHCS CMNRCV KMDHHCPWINNCVG MH YF FLL
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K] = 2
™1 TM’)}TM} ™4 E § 4 8— % =
= g = A F B
; : 3 B 22 8 5 E 3
" ¢ £ $ 2 F =8 L&
§ 8 £% g & 5 2
L — y i
Ly g yyyy 440 . .
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Fig.3. (a) Examination of the deduced KIAA1292 polypeptide sequence shows

anew form of cysteine-rich domain called DHHC-CRD that includes a DHHC motif
consisting of the amino acids Asp-His-His-Cys (DHHC) and a cysteine-rich domain
(CRD) that includes a Cys4 zinc-finger-like metal binding site. The sequence for
the KIAA1292 DHHC-CRD as well as a consensus sequence for this domain (32) are
indicated. (b) Alternative splice forms of the KIAA7292 gene. Note that the
DHHC-CRD is largely part of the loop between adjacent TM2 and TM3 (TM,
transmembrane). (c) Brain expression of the KIAA1292 gene.
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highly expressed in the human brain (Fig. 3c), and in situ hybrid-
ization analysis of expression in the mouse brain demonstrated high
expression levels especially in the cortex and hippocampus, areas
expected to play an important role in the pathophysiology of the
disease (Y.-J.C., M.K,, and J.A.G., unpublished work). It should be
noted that analysis of EST databases as well as RT-PCR experi-
ments on RNA from human and mouse brains identified two major
alternatively spliced variants of KI4A41292 involving exons 4 and 5
(Fig. 3b), which encode for protein forms with truncated DHHC-
CDR domains and, most likely, reduced or altered function. Of
interest, V26 is located in the intron between the alternatively
spliced exons 4 and 5, and a potential effect of V26 genotype on the
function of putative splicing enhancers and the relative levels of the
two splicing variants warrants further investigation.

Discussion

Using a relatively dense genetic map of SNPs across the entire
1.5-Mb 22q11 region, we found strong evidence of LD with
schizophrenia. In our study, D' decayed halfway between maximum
and minimum values at 48 kb. The extent of disequilibrium ob-
served in this region of chromosome 22q is similar to that previously
described for this (19) and other regions (22, 34). Among the
markers investigated, 56 of 72 were in strong LD with surrounding
markers and included in a common haplotype block. Nevertheless,
asmall proportion of the markers we investigated exhibited only low
levels of LD with surrounding markers, and in these regions, it
would be desirable to investigate additional markers. Given this
limitation, our analysis identified two associated subregions (Fig.
2a), suggesting that the 22q11 microdeletion-associated schizophre-
nia may have the characteristics of a contiguous gene syndrome.

In the proximal part of the locus, we delineated a subregion of
significant association within a segment of ~30 kb in which
PRODH?2 and DGCR6 are the only known genes, and we identified
one relatively common haplotype where the schizophrenia suscep-
tibility variant(s) likely reside (15). In the distal part of the locus, we
bound the associated subregion to a haplotypic block that spans at
least 80 kb and shows consistent association with the disease in
three independent samples from two different populations.

One difference between the two subregions of association is that
in the proximal subregion (Cluster A), the association was more
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pronounced among children with schizophrenia and adults with
early onset features of the disease. Similar association was not
observed in the distal subregion. These observations seem to
suggest that genetic variation at the distal subregion contributes to
schizophrenia independently of the onset of the disease, whereas
the proximal subregion contains genes (most likely PRODH?2)
contributing to early onset forms of the disease. It might be relevant
that previous studies indicated a relatively wide range of age at
onset among 22qll-deleted patients with schizophrenia ranging
from childhood onset to up to 26 years of age (2).

The combination of the study of Liu et al. (15) and the present
study represents a comprehensive application of LD mapping
across the 22q11 susceptibility locus in relation to schizophrenia. An
implication of these studies is that more than one gene from this
region may contribute to schizophrenia susceptibility. Functional
variants of these genes may independently or synergistically exert
modest increases in the disease risk in nondeleted patients. In 22q11
microdeletion carriers, drastic reduction of dosage to half in more
than one gene may result in the dramatic 25- to 30-fold increase in
disease risk observed. Alternatively, genes in the identified proxi-
mal and distal subregions may contribute only partially to the 25-
to 30-fold increase in the risk associated with this locus, the largest
part of it being due to an unidentified gene that lacks common
functional variants and is variably mutated in a small portion of
nondeleted schizophrenic patients. Such rare and possibly highly
penetrant mutations would be invisible to our present experimental
strategy, which focuses on relatively common variants. Neverthe-
less, our current analysis revealed a limited number of candidate
genes (including two membrane-associated proteins, KIAA1292
and NOGO-R, highly expressed in brain regions implicated in
schizophrenia), which need to be tested in additional samples and
whose biological function needs to be explored in more detail by
generation of animal models.
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